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Human, animal, fungal, and plant viruses encode papain-like proteinases that function in polyprotein processing, RNA
synthesis, and virus–host interactions. To compare the functional profiles of diverse papain-like proteinases, we replaced a
proteinase gene of the beet yellows virus (BYV) with those derived from equine arteritis virus (EAV), foot-and-mouth disease
virus (FMDV), and the fungal virus CHV1. We found that, although each of the foreign proteinases efficiently processed the
viral polyprotein, only the EAV proteinase supported vigorous replication of the chimeric BYV in plant protoplasts. This result
demonstrated that the proteinases of BYV and EAV, but not FMDV or CHV1, provide a function that is critical for genome
replication and that is separable from polyprotein processing. Further characterization of the BYV–EAV chimera revealed that
BYV proteinase is also required for virus invasion and cell-to-cell movement. Thus, the same viral protein can combine both
replication-related functions shared by plant and animal viruses and specialized functions in virus–host interactions. © 2002INTRODUCTION
The advent of viral genomics 2 decades ago dramat-
ically enhanced our understanding of the structure and
evolution of viral genomes. One of the least expected
outcomes of the comparative analyses of viral genomes
was the discovery of similarities between RNA viruses of
animals and plants (reviewed in Goldbach, 1987). Viral
RNA genomes were conceptualized as mosaics of gene
modules with an RNA polymerase gene being the only
universally conserved module (Kamer and Argos, 1984;
Koonin, 1991). The recombinational shuffling of gene
modules was proposed to be a major driving force be-
hind the large-scale evolution of RNA viruses. Among
viral gene modules, those encoding proteinases are
found in all major subdivisions of viruses infecting eu-
karyotes (Dougherty and Semler, 1993; Babe and Craik,
1997; Guarne et al., 1998). In particular, representatives
of papain-like proteinases are encoded in a variety of
positive-strand RNA viruses (Gorbalenya et al., 1991;
Koonin and Dolja, 1993).
Viral papain-like proteinases may be further subdi-
vided into main and leader proteinases. Main protein-
ases are responsible for the proteolytic maturation of the
replicase components and are intimately involved in ge-
nome amplification (Strauss and Strauss, 1994). These
proteinases are located internally in the polyprotein and
1possess both cis and trans cleavage activities. In con-
trast, leader proteinases encompass the N-terminal part
of the polyprotein and normally cleave only in cis. Leader
proteinases can be dispensable for genome replication
and are implicated in the synthesis of viral mRNAs,
inhibition of cellular translation, viral pathogenicity, virus
transport within the infected organism, and suppression
of the host defense response (Guarne et al., 1998; Kass-
chau and Carrington, 1998; Chinsangaram et al., 1999;
Suzuki et al., 1999; Tijms et al., 2001). To gain further
insight into the remarkable functional flexibility of pa-
pain-like leader proteinases, we analyzed the ability of
leader proteinases derived from the dissimilar animal
and fungal viruses to function in the context of a virus-
infected plant cell. In other words, we asked if a novel,
chimeric viral genome could be engineered by mimick-
ing a process of modular evolution that shaped the
genomes of present-day RNA viruses (Koonin and Dolja,
1993).
Our model, the beet yellows virus (BYV), belongs to the
Closteroviridae family of positive-strand RNA viruses.
The 15.5-kb genome of BYV encodes a broad array of
proteins that have homologs in diverse RNA viruses and
cellular organisms (Fig. 1) (Agranovsky et al., 1994; Dolja
et al., 1994). For instance, the BYV replicase is similar to
those of other Sindbis virus-like viruses, whereas the
BYV Hsp70 homolog functions in virus translocation from
cell to cell (Peremyslov et al., 1999). The papain-like
leader proteinase (L-Pro) of BYV is somewhat atypicalElsevier Science (USA)
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cation (Agranovsky et al., 1994; Peremyslov et al., 1998).
Although L-Pro is not essential for basal-level replication,
its elimination results in a 1000-fold reduction in the
accumulation of viral RNA (Peng and Dolja, 2000). In this
study, we targeted the BYV L-Pro gene for replacement
with the leader proteinase genes derived from the fungal
virus CHV1 (family Hypoviridae), foot-and-mouth disease
virus (FMDV, family Picornaviridae), and the equine ar-
teritis virus (EAV, family Arteriviridae). The p29 proteinase
of CHV1 is dispensable for virus replication, but is a
major determinant of pathogenicity (Suzuki et al., 1999).
The FMDV Lab proteinase is involved in inhibition of
cellular mRNA translation and in virus spread in infected
animals (Guarne et al., 1998; Chinsangaram et al., 1999).
The nsp1 proteinase of EAV is essential for subgenomic
mRNA synthesis, but dispensable for genome replication
(Tijms et al., 2001).
Characterization of BYV L-Pro replacement hybrids
revealed efficient autoprocessing by each of the foreign
proteinases. However, only the EAV nsp1, and not CHV1
p29 or FMDV Lab, was capable of supporting the ge-
nome replication of chimeric BYV. This result indicated
that BYV L-Pro and EAV nsp1 possess a common activity
that is distinct from polyprotein processing and that is
required for genome amplification. Efficient replication of
the chimeric virus in isolated plant cells allowed us to
examine the infection phenotype in whole plants. The
largely reduced invasiveness and debilitated cell-to-cell
movement of the BYV–EAV chimera demonstrated that
EAV nsp1 failed to substitute for BYV L-Pro functions that
are required for the successful development of infection
in plants. This work revealed the unexpectedly complex
and partially overlapping functional profiles of the leader
proteinases of a plant and an animal virus. In addition, it
illustrated the utility of the gene-swapping approach for
studies of virus evolution and host specificity.
RESULTS
EAV proteinase rescues the replication of BYV
To facilitate the generation and characterization of the
chimeric viruses, we used a cDNA clone of a so-called
“mini-BYV” genome. In this clone, six BYV genes that are
superfluous for genome amplification were replaced with
the reporter gene -glucuronidase (GUS) under control
of a BYV subgenomic mRNA promoter (Fig. 1). The GUS
activity produced by mini-BYV in infected cells provided a
sensitive combined measure of genome amplification,
transcription of subgenomic mRNAs, and translation
(Hagiwara et al., 1999). The foreign leader proteinase
genes derived from CHV1, FMDV, and EAV each replaced
almost the entire BYV L-Pro open reading frame (ORF)
(Fig. 2). The small, 5-terminal region of this ORF desig-
nated S1 was retained because it contains an RNA
FIG. 1. The genome maps of the viruses used in gene-swapping experiments. CHV1, Cryphonectria hypovirus 1; FMDV, foot-and-mouth disease
virus; EAV, equine arteritis virus; BYV, beet yellows virus; mini-BYV, a recombinant BYV variant in which six genes that are nonessential for replication
were replaced with the reporter -glucuronidase (GUS) gene. The genes coding for leader proteinases p29, Lab, nsp1, and L-Pro are shaded, whereas
the GUS gene is cross-hatched. The arrows designate the sites for autoproteolysis by the leader proteinases. The BYV ORFs from 1 to 8 encode leader
proteinase (L-Pro), replicase possessing methyltransferase (MET), RNA helicase (HEL) and RNA polymerase (POL) domains, 6-kDa-protein (p6),
HSP70 homolog (HSP70h), 64-kDa protein (p64), minor capsid protein (CPm), major capsid protein (CP), 20-kDa protein (p20), and 21-kDa protein (p21),
respectively.
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element required for replication (Peng and Dolja, 2000).
The RNA transcripts from the resulting cDNA clones
were translated in vitro to test for autoproteolytic activity
of the proteinases or transfected into isolated proto-
plasts to examine viral replication and gene expression
(Peremyslov et al., 1998). The in vitro studies were done
in wheat germ extracts and rabbit reticulocyte lysates,
whereas the in vivo experiments were done using pro-
toplasts from tobacco suspension cell culture and Nico-
tiana benthamiana leaves. Reproduction of the experi-
ments in two independent model systems ensured the
reliability of the results.
In vitro experiments demonstrated that each of the
three foreign proteinases efficiently processed the chi-
meric polyprotein both in rabbit reticulocyte lysates (Fig.
3) and in wheat germ extracts (not shown). In rabbit
reticulocyte lysates, the cleavage efficiencies of the
leader proteinases of CHV1, FMDV, and EAV were slightly
higher than that of the authentic BYV L-Pro (Figs. 2 and
3). However, quantification of GUS activity revealed that
neither CHV1 p29 nor FMDV Lab was able to support a
detectable level of GUS expression. Strikingly, EAV nsp1
mediated levels of chimeric virus gene expression com-
parable to those of the parental mini-BYV (Fig. 2). These
results could be due to the failure of CHV1 or FMDV
proteinases to support replication or transcription of the
chimeric genomes. Northern hybridization analysis of the
RNAs derived from transfected protoplasts did not detect
any virus-specific RNAs produced by BYV–CHV1 and
BYV–FMDV chimeras (Fig. 4, lanes p29 and Lab). In
contrast, the levels of genomic and each of two sub-
genomic mRNAs produced by the BYV–EAV chimera
were similar to those of the wild type (Fig. 4, lane nsp1).
Close correlation of the data obtained using GUS assays
and Northern analysis (Figs. 2 and 4) indicated that
genome amplification, as well as the synthesis and
translation of the GUS mRNA, was affected in a similar
way in all variants.
To determine if processing of the chimeric polyprotein
in the BYV–EAV hybrid relied on the proteolytic activity of
EAV nsp1, rather than on incidental processing by a
cellular proteinase, we tested nsp1 mutant C164S that
contains an inactivated catalytic center (Snijder et al.,
1992). This mutant variant failed to process the polypro-
FIG. 2. Engineering and characterization of chimeric BYV variants. The top diagram corresponds to the wild-type BYV L-Pro and shows its major
regions. SacII and SphI, restriction endonuclease sites introduced to facilitate insertion of the foreign genes. Other diagrams illustrate the structure
of the chimeric proteinase variants harboring CHV1 p29, FMDV Lab, and EAV nsp1. Pro, homologous, papain-like, proteinase domains in each of the
foreign proteinases; ZF, putative zinc finger present in EAV nsp1. The asterisks mark mutations introduced into the nsp1 gene. C164S, mutation that
replaced catalytic Cys with Ser resulting in inactivation of proteinase activity (Snijder et al., 1992); C25A and C44A, replacements of the cysteines that
form putative zinc finger with alanine (Tijms et al., 2001). The efficiency of autoprocessing in rabbit reticulocyte lysates and the level of genome
replication and expression in N. benthamiana protoplasts as reflected by Northern analysis and GUS activity are shown for each variant. UD,
undetectable. The measurements presented in the table are means from at least four experiments expressed as percentages of the wild-type level.
Representative experiments showing polyprotein processing in vitro and RNA accumulation in protoplasts are also presented in Figs. 3 and 4.
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tein (Fig. 3, lane C164S) or to replicate (Fig. 4, lane
C164S), confirming the requirement for nsp1 proteinase
activity.
It was demonstrated recently that the nsp1 activity in
transcription of the EAV subgenomic RNAs is mediated
by a putative zinc finger localized outside of the protein-
ase domain, close to the protein’s N-terminus. Substitu-
tion of Ala for zinc finger-forming Cys-25 or Cys-44 re-
sulted in debilitation of EAV transcription (Tijms et al.,
2001). To test if the zinc finger is also important for the
nsp1 function in a context of plant cell infection, we
introduced C25A and C44A mutations into the BYV–EAV
chimera. As expected, these mutations located outside
of the C-terminal proteinase domain did not affect the
processing activity (Fig. 3). Likewise, the accumulations
of GUS activity and viral RNAs in C25A and C44A mu-
tants were indistinguishable from those of the parental
BYV–EAV chimera (Figs. 2 and 4). Because of that, we
concluded that the zinc finger is not required for nsp1-
mediated replication of BYV.
Taken together, these data demonstrated that the ef-
ficient replication of the BYV–EAV chimera in isolated
plant cells was dependent on the functions provided by
the foreign leader proteinase. One of these functions is
the autoprocessing required for the release from the
replicase polyprotein encoded in ORF 1a (Peremyslov et
al., 1998). However, this function alone was insufficient to
rescue replication of the BYV–CHV1 and BYV–FMDV chi-
meras. These results revealed that the BYV L-Pro and
EAV nsp1 share an additional activity that is critical for
efficient replication of BYV genome.
Dual function of the papain-like proteinase domains
Each of the four proteinases employed in this study
possesses an N-terminal, nonproteolytic domain and a
C-terminal, papain-like domain (Fig. 2). It seemed rea-
sonable to assume that functional specialization of these
two-domain proteins is provided by their dissimilar N-
terminal domains, whereas the homologous proteinase
domains serve the sole purpose of polyprotein process-
ing. If that were the case, the papain-like domains should
be functionally interchangeable.
To test this assumption, we designed chimeric leader
proteinases in which the authentic N-terminal domain of
the BYV L-Pro was fused to the papain-like proteinase
domains derived from CHV1, FMDV, or EAV (Fig. 5). Al-
though each of the resulting variants was competent in
processing, only the variant that possessed the EAV
proteinase domain supported the efficient amplification
and expression of the BYV genome (Fig. 5). In contrast,
chimeric BYV variants harboring papain-like proteinase
domains of CHV1 or FMDV were nonviable. Comparison
of the results presented in Figs. 2 and 5 suggests that the
proteinase domains of BYV and EAV, but not those of
CHV1 and FMDV, share a specialized function required
for BYV reproduction. It should be emphasized that this
function is distinct from autoproteolytic activity, since all
tested viral proteinases were competent in polyprotein
processing.
Subcellular targeting of the leader proteinases
To determine if the viral leader proteinases harbor
autonomous signals for targeting to particular cellular
compartments, we analyzed their localization in plant
cells. Each viral proteinase was fused to the green fluo-
rescent protein (GFP) reporter and transiently expressed
in N. benthamiana leaves. A fusion of GFP and GUS was
used as a control because neither GFP nor GUS pos-
sesses subcellular targeting signals. As expected, GFP-
GUS fluorescence was distributed uniformly throughout
the cytoplasm that, in plant cells, is confined largely to
FIG. 3. Processing of the wild-type and chimeric polyproteins upon
translation in rabbit reticulocyte lysates. M, mock-translation with no
added mRNA (negative control); BMV, translation of the brome mosaic
virus RNA (positive control); p29, Lab, and nsp1, chimeric BYV variants
CHV1-p29, FMDV-Lab, and EAV-nsp1, respectively; WT, wild-type BYV
RNA (same as in Fig. 2). C164S, nsp1 mutant with inactivated catalytic
center; C25A and C44A, putative zinc finger mutants of nsp1 (same as
in Fig. 2). Arrows indicate the translation products of BMV RNAs 2 and
3. Gray and black arrowheads mark the unprocessed and processed
products of translation of the chimeric and wild-type BYV RNA.
FIG. 4. Accumulation of the viral RNAs in transfected N. benthamiana
protoplasts. RNAs were detected using Northern blot analysis and the
probe complementary to the 3-terminal BYV gene encoding p21. The
designations are same as in Fig. 2.
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the cortical region and to transvacuolar cytoplasmic
strands (Fig. 6, GFP-GUS). A similar distribution was
observed for the GFP-p29 and GFP-Lab fusion proteins.
As described recently, the GFP-L-Pro localized to dis-
crete bodies, which were most abundant in the cortical
cytoplasm (Fig. 6) (Peng et al., 2001). Very similar distri-
bution was observed for the GFP-nsp1 fusion (Fig. 6,
GFP-nsp1). It is yet to be determined what the relation is
between the formation of the cytoplasmic bodies and the
mechanism underlying the activation of genome replica-
tion by the leader proteinases of BYV and EAV. However,
the correlation between the ability of L-Pro and nsp1 to
activate BYV replication and the distinct pattern of their
subcellular localization suggests that the formation of
cytoplasmic bodies is a functionally important property of
these proteinases.
The EAV leader proteinase fails to rescue invasion
and spread of the chimera
We further investigated whether EAV nsp1 or its pro-
teinase domain could complement the L-Pro functions
throughout the BYV life cycle in infected plants. In a
normal infection, virus replication in the initially inocu-
lated cells is followed by a symplastic virus spread from
cell to cell. To test the phenotypes of BYV–EAV chimeras
during plant infection, we employed a previously charac-
terized BYV-GFP variant (Peremyslov et al., 1999). This
variant possesses the entire complement of viral genes
required for virus replication, assembly, and transport
within infected plants. In addition, it is tagged by the
insertion of a GFP gene that is expressed from an au-
tonomous BYV subgenomic mRNA promoter (Fig. 7). The
GFP expression provides a convenient means for quan-
tifying specific infectivity and intercellular translocation
of the BYV-GFP (Peremyslov et al., 1999).
As shown in Fig. 7, plant leaves inoculated with BYV-
GFP developed multicellular fluorescent infection foci.
However, the BYV–EAV chimera in which most of the
L-Pro was replaced by the EAV nsp1 was unable to move
from cell to cell. The same phenotype was observed
when plants were inoculated by the chimera in which
only the papain-like domain of the L-Pro was replaced
with that of EAV nsp1 (Fig. 7). This result suggested that
the authentic BYV L-Pro and its proteinase domain play
an essential role in the cell-to-cell transport of the virus.
Alternatively, the RNA region encoding the proteinase
domain rather than protein itself may be required for
virus transport.
We have also observed that the number of infection
foci per leaf (specific infectivity or invasiveness) pro-
duced by each of the two BYV–EAV chimeras was at least
an order of magnitude lower than that in the parental
BYV-GFP variant (Fig. 7). Since these same chimeras
exhibited efficient replication in isolated protoplasts
(Figs. 2, 4, and 5), these data indicate that the ability of
the virus to replicate in individual cultured cells must be
distinguished from its ability to establish infection in the
host tissue. It can be concluded that although EAV nsp1
activates BYV replication in isolated protoplasts, it can-
not support efficient virus invasion and local spread in
whole plants.
It is not known if the mechanisms by which BYV L-Pro
and EAV nsp1 activate amplification of the viral RNA in
plant cells are similar or distinct. However, it could be
anticipated that if these mechanisms do not overlap, the
combined expression of the L-Pro and nsp1 might pro-
duce a synergistic phenotype. To test this assumption,
we engineered and analyzed the mini-BYV and BYV-GFP
chimeras that expressed both L-Pro and nsp1 from the
same polyprotein (Fig. 7). The corresponding mini-BYV
chimera replicated in protoplasts to 82 11% of the level
found for the parental variant. This apparent lack of
synergy suggests that the mechanisms by which L-Pro
and nsp1 activate BYV RNA amplification may be similar.
FIG. 5. Functional specialization of papain-like domains in viral leader proteinases. Note that only the proteinase domain of the L-Pro was replaced
with homologous foreign domain in chimeric variants. These domains are designated “Pro” for CHV1 p29, “Lb” for FMDV Lab, and “-Pro” for EAV nsp1.
The efficiency of processing and the level of genome replication and expression as reflected by GUS activity are shown for each variant. Other
designations are the same as in the legend to Fig. 2.
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FIG. 6. Subcellular localization of the viral leader proteinases fused to green fluorescent protein (GFP). The green color corresponds to the GFP
fluorescence; the red spots represent the autofluorescent chloroplasts. GFP-GUS was used as a control fusion product that is distributed uniformly
throughout the cortical cytoplasm and cytoplasmic strands. GFP-p29 and GFP-Lab are distributed in the cytoplasm similar to GFP-GUS. GFP-L-Pro
and GFP-nsp1 localize to cytoplasmic inclusion bodies.
FIG. 7. Cell-to-cell movement and specific infectivity of the parental BYV-GFP and its chimeric derivatives in plants. A diagram of the BYV variant
tagged via insertion of the reporter GFP gene is shown at the top; the diagrams of the examined chimeric variants and representative images of the
green fluorescent infection foci are shown below. Dark red areas surrounding green cells correspond to uninfected, autofluorescent, cells. L-Pro 
EAV-nsp1, chimeric BYV-GFP variant that harbors both the BYV L-Pro and the EAV nsp1. Other designations as in Figs. 1, 3, and 4.
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In plants, the BYV-GFP chimera established multicel-
lular infection foci that were comparable in abundance to
those produced by the parental BYV-GFP (Fig. 7). The
somewhat smaller size of these foci compared to those
formed by the original BYV-GFP could be due to interfer-
ence of nsp1 with the L-Pro function in BYV translocation
from cell to cell. Alternatively, the increased size of the
viral genome may hamper the movement machinery of
BYV. Thus, the expression of the L-Pro restored virus
invasiveness and its ability to move symplastically. How-
ever, combined production of the authentic L-Pro and
EAV nsp1 did not result in a more aggressive phenotype.
This lack of synergy is compatible with the overlapping
mechanisms of L-Pro and nsp1 action in infected plant
cells.
DISCUSSION
The concurrent progress in understanding the modu-
lar nature of viral RNA genomes and in generating cDNA
clones of RNA viruses allows the examination of new
combinations of gene modules. Such experimental evo-
lution via engineering chimeric viruses has proven to be
a powerful approach for studying gene functions and
developing viruses into biotechnological tools (Conzel-
mann and Meyers, 1996; Scholthof et al., 1996; Lu and
Wimmer, 1996). Most of this previous work involved the
swapping of genetic elements between viruses that in-
fect similar host organisms. An interesting exception
was provided by Siegel et al. (1997) who showed that the
RNA polymerase of a plant virus is capable of accurate,
albeit inefficient, RNA synthesis of an animal virus. In this
work, we succeeded in generating a vigorously replicat-
ing interviral hybrid and demonstrated functional com-
patibility between the replication machinery of a plant
virus, BYV, and a proteinase activator of RNA synthesis
derived from an animal virus, EAV.
BYV and EAV do not seem to share a common ances-
tor more recent than that of all eukaryotic positive-strand
RNA viruses (Dolja et al., 1994; Snijder and Meulenberg,
1998; Ziebur et al., 2000). However, the genomes of these
viruses do share the distinction of being among the most
complex RNA genomes. Both BYV and EAV possess
unusually large replicases, generate multiple sub-
genomic mRNAs, and encode papain-like, leader pro-
teinases, L-Pro and nsp1, respectively. The expression of
the EAV nsp1 by the chimeric BYV resulted in the efficient
rescue of L-Pro function, indicating that BYV and EAV
have evolved a common mechanism that is mediated by
a papain-like proteinase. The virtual absence of se-
quence similarity between BYV and EAV suggested that
this mechanism might be aimed not at the viral RNA or
protein, but rather at a conserved host factor. Moreover,
we found that this mechanism involves two distinct func-
tions of the leader proteinases. One of these functions,
the proteolytic processing of the viral polyprotein can be
rescued by any of the three tested heterologous leader
proteinases. In contrast, the other function, which is
critical for replication of the chimeric BYV genome, was
provided only by EAV nsp1, and not by the CHV1 p29 or
FMDV Lab proteinases.
It is important to stress that, although EAV nsp1 sup-
ported the efficient amplification of BYV in cultured plant
cells, the BYV–EAV chimera had a grossly reduced ability
to establish an infection in plants. This result implies that
the abilities of the virus to replicate in cultured cells and
to invade the host tissue are genetically separable.
Moreover, it indicates that there are tissue-specific vi-
rus–host interactions in the initially inoculated cells that
cannot be reproduced in cell cultures.
The striking contrast between the efficient replication
and reduced invasiveness of the BYV–EAV chimera sug-
gests that the authentic BYV L-Pro is involved in at least
two facets of the virus–host interaction: one is conserved
among animal and plant systems and can be rescued by
the EAV nsp1, while the other is plant-specific and cannot
be provided by an animal virus proteinase. The latter
type of interaction, however, may involve an RNA signal
located within the L-Pro coding region.
A conspicuous example of a multifaceted plant de-
fense system that grossly affects virus infectivity is pro-
vided by the RNA silencing response that targets viral
RNA for degradation (Vance and Vaucheret, 2001). Some
components of this system are common in plants, ani-
mals, and fungi, while others are unique to plants (Sharp,
2001). To cope with the host defense, viruses have
evolved a counterdefensive response mediated by the
suppressors of RNA silencing (Voinnet et al., 1999). In-
terestingly, the best studied suppressor of RNA silenc-
ing, a potyviral protein, HC-Pro, is a papain-like, leader
proteinase (Kasschau and Carrington, 1998, 2001). This
protein is not only able to prevent or reverse RNA silenc-
ing, but is also critical for efficient virus replication and
systemic invasion. Similar to BYV L-Pro, these functions
of HC-Pro are separable from its proteolytic activity
(Kasschau and Carrington, 2001). However, two lines of
evidence indicate that the mechanisms underlying HC-
Pro and L-Pro functions are not identical. First, HC-Pro is
incapable of functionally replacing L-Pro; the resulting
chimera is nonviable (Peng et al., 2001). Second, unlike
HC-Pro, L-Pro is unable to revert RNA silencing induced
by a dsRNA (J. E. Reed, K. Kasschau, J. C. Carrington, and
V.V.D., unpublished results).
To establish systemic infection, plant viruses multiply
in the initially inoculated cells and actively move from
cell to cell through plasmodesmata (Maule, 1994; Car-
rington et al., 1996; Lazarovitz and Beachy, 1999; Citovsky
and Zambryski, 2000; Oparka and Roberts, 2001). Previ-
ous work demonstrated that BYV cell-to-cell movement
requires virion formation and three movement proteins
(Peremyslov et al., 1999; Alzhanova et al., 2000, 2001).
One of these movement proteins, the Hsp70 homolog, is
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found in tight association with the virions and in plas-
modesmata (Medina et al., 1999; Napuli et al., 2000). The
complete restriction of the BYV–EAV chimera to single,
inoculated cells indicated that the authentic L-Pro is also
required for successful translocation of BYV from cell to
cell. However, L-Pro is not associated with plasmodes-
mata (Fig. 5) or virions (unpublished data), indicating that
the role of the L-Pro in virus movement is indirect. It is
also possible that the RNA region that encodes L-Pro
plays an additional role in virus assembly that is inti-
mately involved in BYV movement (Alzhanova et al.,
2001). Furthermore, the requirement of L-Pro for both
efficient replication and spread may suggest coordina-
tion of these processes in BYV-infected plants. Previ-
ously, replication-associated proteins were implicated in
the cell-to-cell movement of a bromovirus (Traynor et al.,
1991) and a potyvirus (Carrington et al., 1998). Although
the mechanisms of virus transport in animals and plants
are fundamentally different, it seems interesting that cer-
tain EAV nsp1 mutants are spread-defective in animal
cell culture (M. A. Tijms and E.J.S., unpublished data).
In a concurrent study, we compared the leader pro-
teinases encoded in diverse members of a Closteroviri-
dae family using a very similar gene-swapping approach
(Peng et al., 2001). The obtained results revealed a high
degree of functional specialization among closteroviral
leader proteinases and domains thereof. Moreover,
these results confirmed the pivotal role played by the
BYV L-Pro in virus invasion and spread and reinforced
the suggestion of a host-specific mode of the L-Pro
action throughout the BYV life cycle (Peng et al., 2001).
There are three aspects of this work that are related to
biotechnology. First, this study expands the capabilities
of plant viruses as gene vectors that offer a facile ap-
proach for superexpression or silencing of genes in
plants (Baulcombe, 1999). The large capacity of BYV
vectors is highlighted by the expression of two fully
functional foreign proteins, GFP and the EAV leader pro-
teinase. Second, functional hybrids of plant and animal
viruses are potentially useful for the development of
vaccines or antiviral drugs in relatively inexpensive plant-
derived systems. Third, the demonstrated uncoupling of
virus replication in cell culture and the ability to establish
infection in host tissue indicates that virus invasiveness
provides an additional target for antiviral therapies.
In conclusion, we generated a hybrid of plant and
animal viruses that replicates efficiently in isolated plant
cells. Characterization of this hybrid allowed us to reveal
functions of a leader proteinase in virus genome ampli-
fication, invasion of a host tissue, and cell-to-cell trans-
location and propose that the mechanism underlying
these functions is aimed at virus–host interactions. This
work can also be viewed as a step toward the ultimate
goal of making designer viruses producing useful pro-
teins or even desired phenotypes of infection.
MATERIALS AND METHODS
Engineering of chimeric genomes
The chimeras were generated using standard tech-
niques of site-directed mutagenesis and genetic engi-
neering. Restriction endonuclease sites SacII and SphI
were introduced downstream of the S1 region and the
L-Pro cleavage site, respectively (Fig. 2), and were used
to replace the L-Pro coding region with those encoding
full-size foreign proteinases. The corresponding modifi-
cations introduced into BYV ORF 1a were as follows.
Three artificial Ala codons replaced codons 72–74 at the
end of the S1 region to generate the SacII site. This
mutation is identical to the mutation A2 described previ-
ously (Peng and Dolja, 2000). The codons 590–592 lo-
cated immediately downstream of the two consecutive
Gly codons that specify a scissile bond were replaced
with His, Ala, and Glu codons to accommodate a SphI
site. These modifications did not affect the accumulation
of BYV RNA in transfected protoplasts (data not shown).
The entire regions encoding CHV1 p29, FMDV Lab, and
EAV nsp1 were PCR-amplified with the concomitant ad-
dition of the SacII and SphI sites at their respective 5-
and 3-termini, digested with the corresponding restric-
tion endonucleases, and used to replace most of the BYV
L-Pro coding region in a context of the plasmid pBYV-
GUS-p21 (Hagiwara et al., 1999). This plasmid contained
a mini-BYV-GUS genome tagged by insertion of the GUS
gene as shown in Fig. 1.
In the CHV1-Pro, FMDV-Pro, and EAV-Pro variants
shown in Fig. 4, the papain-like domain of the BYV L-Pro
(codons 437–589 of the BYV ORF 1a) was replaced with
an analogous domain derived from one of the indicated
viruses. These domains encompassed codons 122–249,
29–202, and 141–261 of the CHV1, FMDV, and EAV open
reading frames, respectively, and included a scissile
Gly–Gly dipeptide located at the proteinases’ C-termini.
To generate these replacement mutants, we used the
SphI site described above and a SacII site that was
generated by replacing ORF 1a codons 434–436 with the
three Ala codons. This latter mutation is identical to the
A12 mutation characterized earlier (Peng and Dolja,
2000).
The EAV nsp1 and EAV-Pro variants shown in the Fig.
6 were generated by replacing the NheI–XbaI fragment in
the pBYV-GFP plasmid (Peremyslov et al., 1999) with
corresponding fragments derived from mini-BYV-GUS
variants. The pBYV-GFP contained the full-length BYV
genome tagged via insertion of the GFP gene. The
L-Pro  EAV nsp1 variant was obtained by insertion of
the nsp1 coding sequence using the SphI site located
downstream of the L-Pro region (see above). Prior to in
vitro transcription, the plasmid DNAs were linearized by
XbaI or SmaI for subsequent cell-free translation or pro-
toplast transfection experiments, respectively.
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Characterization of the virus phenotypes
Capped RNA transcripts derived from recombinant
DNA plasmids were translated in vitro using wheat germ
extracts or rabbit reticulocyte lysates or transfected into
isolated protoplasts as described previously (Peremys-
lov et al., 1998). The [35S]methionine-labeled translation
products were separated by PAGE and quantified to
assess the efficiency of proteolysis. Accumulation of
RNAs and GUS activity in protoplasts were determined at
4 days posttransfection by Northern analysis and GUS
assay, respectively (Hagiwara et al., 1999). In each ex-
periment, at least four independent samples were used
to obtain the mean value and standard deviation. For
analysis of the specific infectivity and cell-to-cell move-
ment, the transcripts of pBYV-GFP variants were me-
chanically inoculated into Claytonia perfoliata plants and
visualized at 8 days postinoculation using a fluorescence
microscope (Peremyslov et al., 1999). At least two inde-
pendent inoculation experiments involving six leaves
were done for each of the variants.
Subcellular localization of the GFP–proteinase fusions
The expression cassette harboring a duplicated cau-
liflower mosaic virus 35S promoter, the tobacco etch
virus leader, a poly(A) signal (Carrington et al., 1990), and
the GFP gene was cloned into the mini-binary vector
pCB302 (Xiang et al., 1999). The genes encoding GUS,
BYV L-Pro, and EAV nsp1 were PCR-amplified and cloned
in frame downstream of the GFP gene. The resulting
plasmids were transformed into Agrobacterium tumefa-
ciens strain EHA 105, and the transformants were used
for transient protein expression in the leaves of N.
benthamiana as described (Llave et al., 2000). Leaves
were harvested at 2 days postinfiltration. For cell im-
aging, a confocal laser scanning microscope Leica TCS
4D equipped with krypton/argon laser (488/568 nm exci-
tation beam) was used with an RSP580 beam-splitter and
BP-FITC or LP665 filters for GFP and chlorophyll detec-
tion, respectively.
ACKNOWLEDGMENTS
We thank Eugene Koonin, Donald Nuss, James Carrington, Arthur
Grossman, Alexander Gorbalenya, and Willy Spaan for useful discus-
sions and for critically reading the manuscript; Nobuhiro Suzuki, Tim
Skern, and Ewald Beck for providing CHV1 and FMDV cDNA clones;
Marieke Tijms for generating EAV nsp1 mutants. This work was sup-
ported by United States Department of Agriculture Grant CSREES
2001-35319-10875 and National Institutes of Health Grant R1GM53190B
to V.V.D. and by NWO-CW Grant 348-003 to E.J.S.
REFERENCES
Agranovsky, A. A., Koonin, E. V., Boyko, V. P., Maiss, E., Frotschl, R.,
Lunina, N. A., and Atabekov, J. G. (1994). Beet yellows closterovirus:
Complete genome structure and identification of a leader papain-like
thiol protease. Virology 198, 311–324.
Alzhanova, D. V., Hagiwara, Y., Peremyslov, V. V., and Dolja, V. V. (2000).
Genetic analysis of the cell-to-cell movement of beet yellows clos-
terovirus. Virology 268, 192–200.
Alzhanova, D. V., Napuli, A. J., Creamer, R., and Dolja, V. V. (2001).
Cell-to-cell movement and assembly of a plant closterovirus: Roles
for the capsid proteins and Hsp70 homolog. EMBO J. 20, 6997–7007.
Babe, L. M., and Craik, C. S. (1997). Viral proteases: Evolution of diverse
structural motifs to optimize function. Cell 91, 427–430.
Baulcombe, D. C. (1999). Fast forward genetics based on virus-induced
gene silencing. Curr. Opin. Plant Biol. 2, 109–13.
Carrington, J. C., Freed, D. D., and Oh, C.-S. (1990). Expression of
potyviral polyproteins in transgenic plants reveals three proteolytic
activities required for complete processing. EMBO J. 9, 1347–1353.
Carrington, J. C., Kasschau, K. D., Mahajan, S. K., and Schaad, M. C.
(1996). Cell-to-cell and long-distance transport of viruses in plants.
Plant Cell 8, 1669–1681.
Carrington, J. C., Jensen, P. E., and Schaad, M. C. (1998). Genetic
evidence for an essential role for potyvirus CI protein in cell-to-cell
movement. Plant J. 14, 393–400.
Chinsangaram, J., Piccone, M. E., and Grubman, M. J. (1999). Ability of
foot-and-mouth disease virus to form plaques in cell culture is as-
sociated with suppression of alpha/beta interferon. J. Virol. 73, 9891–
9898.
Citovsky, V., and Zambryski, P. (2000). Systemic transport of RNA in
plants. Trends Plant Sci. 5, 52–54.
Conzelmann, K. K., and Meyers, G. (1996). Genetic engineering of
animal RNA viruses. Trends Microbiol. 4, 386–393.
Dolja, V. V., Karasev, A. V., and Koonin, E. V. (1994). Molecular biology
and evolution of closteroviruses: Sophisticated build-up of large RNA
genomes. Annu. Rev. Phytopathol. 32, 261–285.
Donson, J., Kearney, M. E., Hilf, M. E., and Dawson, W. O. (1991).
Systemic expression of a bacterial gene by a tobacco mosaic virus
vector. Proc. Natl. Acad. Sci. USA 88, 7204–7208.
Dougherty, W. G., and Semler, B. L. (1993). Expression of virus-encoded
proteinases: Functional and structural similarities with cellular en-
zymes. Microbiol. Rev. 57, 781–822.
Goldbach, R. (1987). Genome similarities between plant and animal
RNA viruses. Microbiol. Sci. 4, 197–202.
Gorbalenya, A. E., Koonin, E. V., and Lai, M. M. C. (1991). Putative
papain-related thiol proteases of positive-strand RNA viruses. FEBS
Lett. 288, 201–205.
Guarne, A., Tormo, J., Kirchweger, R., Pfistermueller, D., Fita, I., and
Skern, T. (1998). Structure of the foot-and-mouth disease virus leader
protease: A papain-like fold adapted for self-processing and eIF4G
recognition. EMBO J. 17, 7469–7479.
Hagiwara, Y., Peremyslov, V. V., and Dolja, V. V. (1999). Regulation of
closterovirus gene expression examined by insertion of a self-pro-
cessing reporter and by Northern hybridization. J. Virol. 73, 7988–
7993.
Kamer, G., and Argos, P. (1984). Primary structural comparison of
RNA-dependent polymerases from plant, animal, and bacterial vi-
ruses. Nucleic Acids Res. 12, 2625–2632.
Karasev, A. V., Boyko, V. P., Gowda, S., Nikolaeva, O. V., Hilf, M. E.,
Koonin, E. V., Niblett, C. L., Cline, K., Gumpf, D. J., Lee, R. F., Garnsey,
S. M., Lewandowski, D. J., and Dawson, W. O. (1995). Complete
sequence of the citrus tristeza virus RNA genome. Virology 208,
511–520.
Kasschau, K. D., and Carrington, J. C. (1998). A counterdefensive strat-
egy of plant viruses: Suppression of posttranscriptional gene silenc-
ing. Cell 95, 461–470.
Kasschau, K. D., and Carrington, J. C. (2001). Long-distance movement
and replication maintenance functions correlate with silencing sup-
pression activity of potyviral HC-Pro. Virology 285, 71–81.
Koonin, E. V. (1991). The phylogeny of RNA-dependent RNA poly-
merases of positive-strand RNA viruses. J. Gen. Virol. 72, 2197–2206.
Koonin, E. V., and Dolja, V. V. (1993). Evolution and taxonomy of positive-
strand RNA viruses: Implications of comparative analysis of amino
acid sequences. Crit. Rev. Biochem. Mol. Biol. 28, 375–430.
83BYV-EAV CHIMERA
Lai, V. C. H., Zhong, W., Skelton, A., Ingravallo, P., Vassiliev, V., Donis,
R. O., Hong, Z., and Lau, J. Y. N. (2000). Generation and character-
ization of a hepatitis C virus NS3 protease-dependent bovine viral
diarrhea virus. J. Virol. 74, 6339–6347.
Lazarovitz, S. G., and Beachy, R. N. (1999). Viral movement proteins as
probes for intracellular and intercellular trafficking in plants. Plant
Cell 11, 535–548.
Llave, C., Kaschau, K. D., and Carrington, J. C. (2000). Virus-encoded
suppressor of posttranscriptional gene silencing targets a mainte-
nance step in the silencing pathway. Proc. Natl. Acad. Sci. USA 97,
13401–13406.
Lu, H. H., and Wimmer, E. (1996). Polyovirus chimeras replicating under
the translational control of genetic elements of hepatitis C virus
reveal unusual properties of the internal ribosomal entry site of
hepatitis C virus. Proc. Natl. Acad. Sci. USA 93, 1412–1417.
Maule, A. J. (1994). Plant-virus movement: De novo process or rede-
ployed machinery? Trends Microbiol. 2, 305–306.
Medina, V., Peremyslov, V. V., Hagiwara, Y., and Dolja, V. V. (1999).
Subcellular localization of the HSP70-homolog encoded by beet
yellows closterovirus. Virology 260, 173–181.
Napuli, A. J., Falk, B. W., and Dolja, V. V. (2000). Interaction between
HSP70 homolog and filamentous virions of the beet yellows virus.
Virology 274, 232–239.
Oparka, K. J., and Roberts, A. G. (2001). Plasmodesmata: A not so
open-and-shut case. Plant Physiol. 125, 123–126.
Peng, C.-W., and Dolja, V. V. (2000). Leader proteinase of the beet
yellows closterovirus: Mutation analysis of the function in genome
amplification. J. Virol. 74, 9766–9770.
Peng, C.-W., Peremyslov, V. V., Mushegian, A. R., Dawson, W. O., and
Dolja, V. V. (2001). Functional specialization and evolution of leader
proteinases in the family Closteroviridae. J. Virol. 75, 12153–12160.
Peremyslov, V. V., Hagiwara, Y., and Dolja, V. V. (1998). Genes required
for replication of the 15.5-kilobase RNA genome of a plant clostero-
virus. J. Virol. 72, 5870–5876.
Peremyslov, V. V., Hagiwara, Y., and Dolja, V. V. (1999). HSP70 homolog
functions in cell-to-cell movement of a plant virus. Proc. Natl. Acad.
Sci. USA 96, 14771–14776.
Scholthof, H. B., Scholthof, K.-B. G., and Jackson, A. O. (1996). Plant virus
gene vectors for transient expression of foreign proteins in plants.
Annu. Rev. Phytopathol. 34, 299–323.
Sharp, P. A. (2001). RNA interference—2001. Genes Dev. 15, 485–
490.
Siegel, R., Adkins, S., and Kao, C. C. (1997). Sequence-specific recog-
nition of a subgenomic RNA promoter by a viral RNA polymerase.
Proc. Natl. Acad. Sci. USA 94, 14771–14776.
Snijder, E. J., Wassenaar, A. L. M., and Spaan, W. J. M. (1992). The 5 end
of the equine arteritis virus replicase gene encodes a papainlike
cysteine protease. J. Virol. 66, 7040–7048.
Snijder, E. J., and Meulenberg, J. J. M. (1998). The molecular biology of
arteriviruses. J. Gen. Virol. 79, 961–979.
Strauss, J. H., and Strauss, E. G. (1994). The alphaviruses: Gene ex-
pression, replication, and evolution. Microbiol. Rev. 58, 491–562.
Suzuki, N., Chen, B., and Nuss, D. L. (1999). Mapping of a hypovirus p29
protease symptom determinant domain with sequence similarity to
potyvirus HC-Pro protease. J. Virol. 73, 9478–9484.
Tijms, M. A., van Dinten, L. C., Gorbalenya, A. E., and Snijder, E. J.
(2001). A zinc finger-containing papain-like protease couples sub-
genomic mRNA synthesis to genome translation in a positive-
stranded RNA virus. Proc. Natl. Acad. Sci. USA 98, 1889–1894.
Traynor, P., Young, B. M., and Ahlquist, P. (1991). Deletion analysis of
brome mosaic virus 2a protein: Effects on RNA replication and
systemic spread. J. Virol. 65, 2807–2815.
Vance, V., and Vaucheret, H. (2001). RNA silencing in plants—Defence
and counterdefence. Science 292, 2277–2280.
Voinnnet, O., Pinto, Y. M., and Baulcombe, D. C. (1999). Suppression of
gene silencing: A general strategy used by diverse DNA and RNA
viruses of plants. Proc. Natl. Acad. Sci. USA 96, 14147–14152.
Xiang, C., Han, P., Lutziger, I., Wang, K., and Oliver, D. J. (1999). A mini
binary vector series for plant transformation. Plant Mol. Biol. 40,
711–717.
Ziebur, J., Snijder, E., and Gorbalenya, A. E. (2000). Virus-encoded
proteinases and proteolytic processing in the Nidovirales. J. Gen.
Virol. 81, 853–879.
84 PENG ET AL.
